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ABSTRACT 


An  investigation  of  the  experimental  method  of  determining  the 
built-in  voltage  of  abrupt  pn  junctions  by  capacitance  vs,  voltage  measure 
ments  is  given  and  possible  errors  are  discussed. 

Preliminary  results  on  the  lithographic  use  of  the  electron  beam 
for  fabricating  semiconductor  devices  are  presented. 

A  scaled  down  plasma  torch  for  semiconductor  applications  is 
described. 


The  report  closes  with  a  summary  and  discussion  of  the  electron 
beam  work  performed  under  this  contract. 


PURPOSE 


The  purpose  of  this  contract  is  to  investigate  the  effects  of 
electron  and/or  iOn-beani  bombardment  on  treated  and  untreated  silicon 
surfaces.  The  technology  utilizing  beam  effects  shall  be  developed  in 
order  to  fabricate  semiconductor  structures,  especially  p-n  junctions 
of  small  area  vith  emphasis  on  a  heavily  doped  surface  layer.  The 
attempb  to  fabricate  device  structures  possessing  useful  electrical 
parameters  shall  be  made  to  demonstrate  the  capabilities  of  techniques 
developed. 


I. 


INTRODUCTION 


A  successful  alloying  of  a  predeposited  impurity  layer  into  the  surface 
of  a  silicon  base  material  by  means  of  an  electron  beam  was  established  during 
the  first  year  of  the  investigation,  which  was  concentrated  mainly  on  the  metall¬ 
urgy  and  physics  of  the  metal/silicon  system  and  the  electrical  evaluation  of 
the  produced  junctions  isolated  by  mesa-etching.  Diodes  with  excellent  electri¬ 
cal  characteristics  were  found.  The  purpose  of  the  second  year  of  the  investigation 
was to  refine  the  technology  in  order  to  get  reproducible  results  8ind  control  over 
small  dimensions  which  would  'transfer  the  new  technology  into  a  device  fabrication 
stage.  Work  was  confined  to  the  Al-Si  system,  because  most  experience  during 
the  first  year  was  gained  in  that  field.  As  a  high  impurity  doping  level  in  the 
regrowth  layer  is  important  for  the  feasibility  of  the  new  technology  for  device 
fabrication,  also  an  investigation  of  this  problem,  especially  in  relation  to  a 
possible  non-equilibrium  alloy -process  as  caused  by  the  relatively  short  heating 
.tl-mes-o-f— the— e-lee-t-ron— beam^was-ea-rr-i-ed^eutr — - ^ ^ — : — ~  z: 

After  the  first  quarter  of  attempting  the  above  outlined  goals  a  rather 
large  complexity  of  the  electron  beam  process  was  revealed,  especially  concerning 
surface  conditions  'before  impurity"  deposition,  heat  transfer  between  sample  euid 
surroundings  during  electron  beam  heating,  control  of  the  available  electron  gun 
machine,  and  doping  level  in  the  regrovth  layer.  This  complexity  would  have  made 
necessary  a  long  range  research  program  and  disturbed  the  hope  of  rapidly  develop¬ 
ing  the  new  inexpensive  transistor  and  diode  fabrication  tool,  which  was  desired 
by  the  sponsor  of  the  project.  During  a  meeting  with  engineers  of  the  U..S.  Army 
Signal  Research  and  Development  Laboratory,  Fort  Monmouth,  New  Jersey,  it  was 
therefore  decided  to  finish  the  study  of  the  electron  beam  alloy  process  in  the 
second  Ijuarter  and  to  commence  the  Investigation  of  the  effects  of  ion  bombard^ 
ment  on  semiconductors  leading  to  p-n  Junctions  and  ohmic  contacts^^.  It  was 
decided  to  use  as  a  first  approach  to  the  ion  beam  work  a  simple  plasma  torch 
representing  a  source  of  heating  and  impurity  coating.  Especially,  in  the  opinion 

1.  F.  Brand,  H.  Jacobs,  and  A.  Rarasa,  U.S.  Patent  No.  2,85^,362,  "Formation  of 
Junctions  in  Semiconductors",  Septi  30,  1958. 


of  the  sponsor  of  the  project,  the  change  in  the  technology  used  for  producing 
p-n  junctions  was  necessary  and  more  promising  in  respect  to  the  purpose  of  the 
contract  of  rapidly  developing  the  new  device  technology.  It  was  also  decided 
at  the  meeting  mentioned  above,  to  use  the  electron  beam  machine  for  lithographic 
techniques  as  applied  to  the  photoresist  method  of  fabricating  semiconductor 
devices,  with  the  inherent  advantage  in  the  control  of  dimensions  euid  the  ultimate 
resolution. 

The  main  emphasis  of  work  in  the  second  quarter  was  therefore: 

1.  Completion  of  the  doping  level  investigations  by  studying  the  feasibility  of 
the  built-in  voltage  measurement  method  for  this  purpose 

2.  The  use  of  the  electron  beam  for  lithographic  purposes  on  silicon 

3.  Construction  of  a  plasma  torch  feasible  for  the  ion  beam  investigation  on 
semiconductors . 


II.  ELECTRICAL  MEASURBfflNTS  ON  KUCTROW  BBAM  AlLOYg)  JUNCTIONS 


II. 1  Aim  of  Measurements 

As  reported  on  in  the  First  Quarterly  Progress  Report,  discrepancies 
were  found  during  investigating  the  A1  doping  level  (N  )  in  the  regrowth  layer 
formed  hy  electron  beam  heating,  by  means  of  capacitance  vs.  voltage  measurements 
of  the  produced  pn  junctions.  The  two  methods  for  determining  the  doping  level 

(N  )  are  l)  evaluating  the  diffusion  voltage  (V_),  as  found  by  extrapolating  the 
T  ^  kT  N  N  “ 

.X  _  _ TJ _ _ TJ _ _  _  *1^  **  /-\\  _ ^ _ _ _  V 


vs.  voltage  line; 
C 

vs.  voltage  line;  K 


V..  =  —  In 


2g  ^ 


N  N 
n  p 


2)  evaluating  the  slope  K  of  the 


For  the  first  method  the  question  arose 


as  to  whether  or  not  the  experimentally  found  diffusion  voltage  is  really  equal  to 
the  theoretical  value  calculated  for  a  step  junction  or  if  there  are  some  possible 
errors  inherent  to  the  experimental  procedure  effecting  the  measured  value?  The 


■second  method  requires  an  accurately  determined  junction  area  (a)  and,  in  case 
of  which  is  to  be  expected,  yields  only  a  rough  estimate  of  Np  or  even 

just  a  statement  Preliminary  measurements  indicated  difficulties  in 

finding  an  accurate  value  for  the  junction  area_,fo.r-Jthe_s.e.cond-tne-thod-.-  -  -To-en-l-l-gh-ten- 


the  whole  amount  of  problems  a  series  of  thoroughly  prepared  experiments  were  carried 
out. 


II. 2  Electrical  Circuit  Used  for  Capacitance  Measurements 

It  was  found  in  previous  exp)eriments  that  a  change  in  the  reverse  current 
of  a  diode  apparently  caused  by  alterations  of  the  surface  conditions,  was  corre¬ 
lated  with  a  change  in  the  capacitance  of  the  diode.  As  most  experiments  were 
performed  on  unpackaged  units  a  change  of  surface  conditions  was  rather  frequent 
euid  it  seemed  desirable  to  meewure  capacitance  and  reverse  current  simultaneous¬ 
ly.  For  this  puipose  a  more  sophisticated  circuit  for  the  capacitance  measure¬ 
ments  was  designed  (seen  in  Fig.  l).  This  circuit  has  two  principal  features, 
namely,  l)  the  shielding  of  the  dc  part  from  the  ac  bridge  by  the  two  capacitors 
of  0.1  ^  that  are  high  enough  not  to  effect  the  measured  small  diode  capacitance, 
and  2)  the  shielding  of  the  ac  part  from  the  dc  power  supply  and  ammeter  by  the 
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General  Radio  1230-A  or  Hewlett  Packard  410-B 


i  I 
I  I 


Diode 


Circuit  used  for  capacitance  measurements 
Fig.  1 


IM  ohm  resistor  (usually  kept  in  full)  emd  the  resonant  circuit  tuned  to  the  bridge 
frequency  (lOO  KC).  Because  of  the  second  feature,  an  inductance  cheuige  behind 
the  ac  blocking  units  was  not  seen  by  the  bridge  (as  a  matter  of  fact  the  capaci¬ 
tance  change  measured  by  the  bridge  that  was  caused  by  alterations  of  the  dc  power 
supply  output  or  the  range  switch  of  the  ammeter  was  smaller  than  0.001  pP)  and 
it  was  even  possible  to  use  a  grounded  ammeter,  despite  of  the  "direct"  (that 
means  ungrounded)  mode  of  the  capacitance  measurements.  The  use  of  the  grounded 
ammeter  had  also  the  advantage  of  eliminating  fluctuations  in  the  voltage  of  the 
dc  power  supply  caused  by  insufficient  insulation.  The  voltage  was  measured  across 
the  diode  +  the  resonant  circuit  +  the  ammeter  which  was  necessary  because  a  ground 
ed  voltmeter  was  used.  As  the  diode  reverse  currents  are  very  low,  a  voltage  drop 
across  the  low  resistance  of  the  ammeter  and  the  choke  of  the  resonant  circuit  is 
negligible.  Range  switching  at  the  voltmeter  had  no  influence  on  the  capacitance 
measurements  because  of  the  high  input  impedance  of  the  meter.  The  ac  output  level 
of  the  bridge  was  kept  low  (about  10  mv)  in  order  not  to  effect  the  dc  bias  of  the 
diode.  With  all  these  precautions  mentioned  and  using  well  shielded  connecting 
'c:ables  it  was  believed  that  highly  aecnrate  capacitance  measiireffientB  for  diodes 
could  be  performed.  Contacts  to  the  diode  were  made  by  a  micromanipulator  arrange¬ 
ment.  All  stray  capacitances  of  the  circuit  were  balanced  out  by  the  bridge  before 
making  contact,  (in  case  of  packaged  units  the  stray  capacitance  has  to  be  deter¬ 
mined  by  extrapolation  of  the  capacitance  vs.  voltetge  curve  to  infinite  voltage.) 

II. 3  Equivalent  Circuit  for  the  Diode 

For  the  theoretical  evaluations  the  knowledge  of  the  depletion  layer 

capacitance  (junction  capacitance)  is  necessary.  The  capaciteuace  seen  by  the 

bridge,  however,  is  not  necessarily  the  junction  capacitance.  An  analysis  of  the 

electrical  behavior  of  the  diode  is  required.  Fig.  2a  and  2b  show  two  possible 

equivalent  circuits  for  the  diode,  r  is  the  series  resistance  given  by  the 

s 

resistance  of  the  bulk  and  the  contacts.  may  be  called  the  dc  parallel  resis¬ 

tance  as  it  is  determined  by  the  slope  of  the  dc  current -voltage  characteristic. 

For  a  relationship  V^I^  it  is  given  by  ^  J"  \  *^®®" 

cribe  a  possible  ac  dissipation  of  the  junction  capacitor  and  in  the  series 
and  parallel  representation  respectively.  For  small  dissipation  factors 
tang^<0.1,  ;diere; 

■ 
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FIG  2  a)  AND  b)  ASSUMED  EQUIVALANT  CIRCUIT  OFTHE  DIODE  IN  SERIES 

AND  PARALLEL  REPRESENTATION  RESPECTIVELY:  r  SERIES 
RESISTANCE 

Rdc  RESISTANCE  OF  THE  DIODE  AS  GIVEN  BY  THE  SLOPE 

OF  THE  dc  CHARACTERISTIC 

Ca  OR  Cb  JUNCTION  CAPACITANCE 

Ra  OR  Rb  DISSIPATION  RESISTANCE  (ZERO  OR  INFINITE 

RESPECTIVELY  FOR  dC) 

e)  eAPACITANCE  C  AND  RESISTANCE  Rn  A5  SEEN  BY  THE 

WHOGE  BEWffN  POWTS  1  AND  2.  ^ 


C  and  C,  are  practically  equal  and  the  choice  of  the  equivalent  circuit  is  left 

£l  D 

free  for  calculating  the  junction  capacitance.  We  chose  the  series  representation 
despite  the  fact  that  the  tang  was  larger  in  some  cases  of  our  measurements, 
because  we  felt  that  the  physical  situation  is  represented  better  in  this  way. 

The  capacitance  C  and  parallel  resistance  seen  by  the  bridge,  on  the  other 
hand,  is  given  by  the  circuit  shown  in  Fig.  2c.  The  mathematical  translation  from 
circuit  (a)  to  (c)  yields: 


Ca  1  1 

T  "  ^  lie  r“ 

p 


2 

)  (1 


R  -r 
.P.  ,-S 

dc 


)  Wl 


tang^’ 


R  U)  C  = 
a  a 


or  - 


R  -r 
P  s 

“RdT 


■  dc 


)  -  r  6)  C 
'  s  a 


1  + 


dc 


(2) 

(3) 


In  case  of  r^  3«^dS  which  usually  holds  we  get  the  simplified  relations  (Rp^  ^cd^ 


C .  T  '  2  R-  2' 

—  -  1  =  - i-)  (l - 2—  ) 

C  ''4)C  R  ^  ^  R.  ' 

p  dc 


trag  /- 

p  dc 


s  a 


(i^) 

45)- 


As  seen  from  Eq.  (4)  the  measured  capacitance  C  is  only  equal  to  the  junction 
capacitance  if  Rp  s^R^^  or  ^«Rp,  in  which  case  also  the  dissipation  factor 
is  small, .  . . . . . .  - . 

IX.  4  Measurements  and  Results 

Table  1  shows  some  results  received  from  diodes,  on  1.  phm.cm  n-type 

silicon  (N^  ■  5-4  X  10  '^^em  ■’)  fabricated  by  evaporating  a  definite  area  with  A1 

and  subsequent  electron  beam  alloying.  After  alloying  the  diode  area  A  was 

niG&s 

double  checked  by  microscopic  means.  The  measured  built-in  voltage  values 

l4  l6  -R  ^ 

would  give  doping  levels  (n^)  from  2  x  lO"^^  to  2  x  lO'^^cm"'^.  On  the  other  hand, 
evaluation  of  the  slope  K  with  A.  leads  to  discrepancies.  One  would  have  to 

luc&S 

asstune  N  N  ,  but  even  the  N  calculated  in  this  case  gets  too  small.  This 
p  n  n  - 

suggests  that  the  measured  diode  area  is  smaller  than  the  real  junction  area. 
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# 

A  /  2 

meas/cm 

I^(lV)/a 

Ir(lV) 

Ameas 

2 

a  cm 

V’' 

k/p"V^ 

A  /  2 

A  -  /cm 
calc' 

^calc 

A 

meas 

1 

3-9  X  10“5 

1.5  X  10"'^ 

3.8  X  10"^ 

0.58 

1.26  X  10^^ 

1.28  X  10"^ 

3.3 

2 

8.5  X  10"^ 

8.7  X  10'^ 

1.0  X  10"^ 

0.68 

1.08  X  10^-^ 

1.42  X  10"^ 

■1.67 

1.07  X  lO'^ 

1.0  X  10"^ 

1.0  X  lO"^ 

0.62 

8.8  X  10^° 

1.57  X  lO'^ 

1.61 

4 

1.25  X  lO'^ 

4.0  X  10“^ 

3-2  X  lO"^ 

0.69 

6.2  X  10^^ 

1.88  X  10"^ 

1.50 

Table  1. 


Electron  beam  alloyed  diodes  on  1  ohm  cm  n-type  silicon 


We  have  therefore  calculated  A  from  K  with  the  assumption  yielding  the 

smallest  value  possible.  This  leads  to  values  considerably  larger  than 

A  ,  especially  in  the  case  of  the  smallest  area  (#  l) .  The  reason  for  this 
discrepancy  seems  to  be  given  by  two  phenomena  which  are  also  responsible  for  the 
relatively  high  reverse  currents:  l)  nonplanarity  of  the  junction  caused  by  non- 
uniform  alloying  because  of  an  accumulation  of  liquid  A1  on  surface  imperfections 
and/or  non-equilibrium  regrowth;  angle  lapping  and  staining  of  one  of  the  diodes 
revealed  a  nonplanarity;  2)  an  increased  effective  junction  area  caused  by  sur¬ 
face  inversion  channels  resulting  in  high  reverse  leakage  currents .  This  phenomenon 
is  clearly  seen  in  Table  2  for  mesa  diode  2d  (columns  6  through  10^  lines  l6  and  17) 
It  is  believed  that  the  especially  high  value  of  A  t  /A  for  ^  1  in  Table  1 
is  caused  by  this  effect  because  of  the  especially  high  value  of  the  diode  boundary 
to  diode  area  relation  of  the  strip  geometry  in  this  case  (this  relation  also 
increases  with  decreasing  area). 


Table  2  comprises  a  series  of  measurements  taken  with  electron  beam 


alloyed  mesa  diodes  on  10  ohm  cm  n-type  base  silicon  (N 


4.9  X  lO^^cm"^). 


The 


samples  were  freshly  etched  in  HCL,  rinsed  in  deionized  water  and  then  heated 
for  about  1  minute  to  400°F  in  ambient  air.  Whereas  a  short  heating  improved  the 
reverse  characteristic  a  more  intense  heating  caused  a  deterioration  (Pig.  ll). 
This  deterioration  could  be  abolished  by  a  new  etching.  The  series  was  made 
mainly  to  investigate  effects  causing  an  alteration  of  the  diffusion  voltage  (Vj^) 
as  determined  from  the  vs.  voltage  line,  where  C  is  the  measured  capaciteuice. 

(Examples  are  seen  in  pfgs.  3  through  6.)  The  results  are  as  follows: 


A  bad  contact  to  the  diode  causing  a  high  series  resistance  r  increases 

s 

the  measured  (Pig*  3)*  This  effect  was  also  demonstrated  by  Inserting  exter¬ 
nal  series  resistors  of  10  K  ohm  and  47  K  ohm  (Pig .  4) .  The  effects  on  the 
C  vs.  voltage  relationship  itself  are  rather  weak.  The  K  values  are  increasing 
a  little  bit,  the  influence  being  larger  in  case  of  a  bad  contact,  whereas  the 
power  n  in  the  relationship  C^(v  +  decreases  slightly  from  l/2  only  in 

case  of  a  bad  contact  (Pigs.  J  and  8).  The  reeison  for  the  different  behavior 
of  an  external  series  resistor  and  the  contact  resistance  is  apparently  given  by 

the  non-linearity  of  the  latter  one.  The  bracketed  values  of  r  in  Table  2, 

s 
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Col.  13:  TBDg^  »  dlBBlpetiou  factor  vltbout  conceding  R. 


1.0  -0.a  -0.6  -0.4  -0.2  0.0  0.2  -  0.4  -  0:6  0.8  1.0 


Fig.  3  vs.  voltage  for  diode  le;  1  contact  resistance  low,  2  contact  resistance  high 


FI9.  6  i 
c2 


vs.  voltage  for  diode  2d:  1  low  reverse  current.  2  high  reverse  current 


Capacitance  vs.  voltage  characteristic  for  diode  Ic 

1.  low  contact  resistance:  Vjj  =  0.55  v 

2.  high  contact  resistance:  Vjj  =  0. 78  v 

Fig.  7 


Capacitance  vs.  voltage  characteristic  for  diode  lb:all  3  cases  of  Fig.  4  Q've  the  same  line. 

Fig.  8 


CGluran  2,  are  measured  at  4-  mA  forward  current  and,  therefore,  may  serve  only  as 

an  orientation  value  for  the  effective  series  resistance  (line  10  for  instance 

should  he  expected  to  have  a  higher  r  than  line  ll) .  The  increase  of  the  measur- 

ed  and  the  other  effects,  are  caused  of  course  by  a  decrease  of  the  measured 

capacitajice  C  according  to  formula  (2).  Table  3  shows  that  the  calculated  junction 

capacitance  C  is  equal  for  each  r  within  about  1^.  A  possible  voltage  drop  at 

r  that  might  have  an  effect  on  the  measurements  is  still  negligibly  small  because 
s 

of  the  very  low  reverse  currents  or  in  other  words,  because  of  * 

A  forward  biased  Zener  diode  in  series  to  the  diode  caused  a  slight 
decrease  in  the  measured  (Fig.  5)  l^ut  no  chemge  in  K  and  n.  This  is  due  to 

the  voltage  drop  across  the  forward  biased  diode.  There  should  be  ejected  a 
larger  effect  but  this  is  partly  balanced  out  by  the  drop  of  the  measured  C  due 
to  the  resistance  of  the  diode  in  series  (correcting  the  voltage  drop  one  gets: 

Op 

Vjj  »  0.58  v;  K  »  1.01  X  10  ;  and  n  -  0.496). 

In  case  of  a  deterioration  of  the  reverse  characteristic  of  the  diode 
caused  by  increased  surface  leakage,  as  it  was  observed  for  mesa  diode  2d,  see 
Fig.  11,  no  change  in  the  measured  value  was  found  (Pig.  6).  This  suggests 
that  the  surface  invefsibn  layer'  r'esponslble  for  the  high  leakscge  has  ab'o'Ut  the 
same  doping  as  the  recrystallized  region.  The  quantity  K  shows  a  considerable 
decrease  which  is  due  to  the  increase  of  the  effective  diode  area  represented  by 
the  surface  channels,  (see  Table  2,  Column  8).  Another  striking  feature  is  a 
rather  large  increase  of  the  power  n  in  the  C  vs.  {V  +  Y^)  relationship  (Fig.  9)" 
This  is  not  quite  understood  because  by  assUraihg  a  Voltage  dependence  of  the 
surface -channel  (increase  with  increasing  voltage)  one  would  rather  expect  the 
opposite  effect.  There  was  found,  for  example,  an  increased  capacitance  at  zero 
voltage  after  higher  voltages  had  been  applied;  the  capacitance  recovered  after 
a  while  to  the  original  value. 

The  investigation  of  the  ac  dissipation  of  the  mesa  diodes  (at  100  KC) 
by  eul  analysis  of  the  equivalent  circuit  (a)  of  Pig.  2  is  shown  in  Tables  3  and 
4  (see  also  Table  2).  The  incrimental  d-c  resistance  was  determined  by  the 
equation  ^  p  where  k  is  the  slope  to  the  d-c  chsuracteristic  in  a  log-log 

representation,  as  seen>  e.g.,  in  Figs.  10  and  11.  The  main  results  are  a 
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[see;  Hg.  11,  also  see  Table  2,  line  IT  and  l8). 


Fig.  9  Capacitance  vs.  voltage  characteristic  for  diode  2d 

1  small  reverse  current 

2  large  reverse  current 
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Fig.  11  Reverse  characteristic  of  diode  2d: 

1  after  short  heating  to  about  4O0°F, 

2  after  tong  heating  to  about  bOO'^F  in  ambient  air. 


decrease  of  the  dissipation  factor  tang  ^  with  increasing  voltage,  an  increase  in 
the  case  of  a  high  external  series  resistance,  and  a  considerable  increase  for  the 
deteriorated  reverse  characteristic  of  Pig.  11.  Whereas  the  second  effect  is  rather 
strange  and  seems  to  indicate  that  the  underlined  equivalent  circuit  is  too  rough 
a  simplification  of  the  real  diode  behavior,  the  two  other  effects  may  be  explain¬ 
ed  by  the  assumption  that  the  dissipation  is  mostly  caused  by  the  surface  channels 
rather  than  by  the  bulk.  The  decrease  with  voltage  suggests  a  decreasing  influ¬ 
ence  of  the  surface  channels  which  is  consistent  with  the  increased  power  n  of 
the  C  vs.  (v  +  Vjj)  relationship  (Pig.  9). 


For  all  investigated  cases  the  junction  area  has  been  calculated  from 

K  assuming  'W^.s  compared  with  the  microscopically  measured  mesa  area 

A  (see  Column  7  and  8  of  Table  2).  Comparison  of  the  results  in  case  of  small 
meas 

r  (influences  of  r  negligible)  show  the  influence  of  the  surface  channels  very 
s  s 

clearly  (lines  4,  l6  and  17):  The  higher  the  ratio  A  ,  /A  ,  the  higher 

c&xc  ms&s 

tang(7  gets  and  the  more  n  increases  from  the  l/2  power.  In  case  of  line  k  a 


surface  channel  effect  seems  to  be  practicariy  absent';  here  even  i-s  A^^lc^Aneas 

from  which  one  has  to  conclude  that  the  assumption  N  !>i>N  is  not  valid  in  this 

P  ^ 

case.  The  conditions  A.^,_  =•  A _  leads  to  N^-lO^^cm'^  which  would  correspond 


calc  ineaa  p  l4  ^ 

t-0_.a  Vjj  0.56  V  (measured  value  0.^2  v  yielding  N  ■  5  x  lO'^^cm"’^).  The  discrep- 


meas 


ancy  is  not  too  large,  especially  if  one  considers  that  the  implied  assumption 
of  planarity  of  the  junction  and  absence  of  surface  channels  might  not  have  been 
fully  established. 


il . 5  Conclusions 

The  investigation  of  possible  errors  inherent  in  the  determination  of 

the.  diffusion  voltage  (V^j)  by  capacitance  measurements  essentially  yielded  only 

an  increased  value  in.  case  of  bad  contact  to  the  diode .  The  decrease  found  in 

ease  of  the  forward  biased  diode  series  due  to  the  mltage.  di^  i^rpss  it  Is 

only  small  because  of  the  opposite  effect  of  the  increased  effective  series 

resistance.  The  forward  biased  diode  in  series  may  be  a  model  for  a  non-ohmic 

contact  to  the  diode.  So  no  severe  effect  could  be  found  that  would  explain 

a  too  low  measured  and  hence  the  doping  level  N  •  The  investigation  of  the 

X  ^  P 

slope  K  of  the  vs.  voltage  line  led  to  the  conclusion  that  npnplanarity  of 

Q  ^ 

the  junction  or  surface  inversion  l^ers  might  increase  the  effective  Junction 
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area.  The  evaluation  of  K  for  the  doping  level  is  therefore  oniy  possible 
in  the  absence  of  those  complicating  phenomena.  The  doping  level  of  A1  into 
silicon  for  equilibrium  alloying  should  be  in  the  order  of  10^®  to  lO^^cm"^, 
corresponding  to  Vj^  =  O.75  v  for  10  ohm  cm  base  material.  A  drop  from  O.75  v  to 
about  0.50  V  is  hard  to  explain  by  inherent  errors  of  the  experimental  procedure 
with  the  above  analysis  in  mind.  So  our  conclusion  is  that  either  the  alloy  pro¬ 
cess  is  a  non-equilibrium  one,  yielding  low  doping  levels  (order  10^^ cm'^),  or  the 
theory  for  the  capacitance  vs.  voltage  relationship  is  not  adequate.  The  latter 
conclusion  is  supported  by  measurements  on  alloyed  junction  transistors  prepared 
by  Hughes  which  yielded  too  low  values  and  hence  doping  levels,  despite  the 
rather  high  current  amplification  ratio  d. 


III.  ELECTRON  LITHOGRAPHY 


The  conventional  method  of  photochemical  etching  is  to  coat  the  work  with 
Kodak  Photo-Resist,  place  an  opaque  master  pattern  in  front  of  it,  and  expose  it 
to  ultraviolet  light.  The  photo-resist  "becomes  polymerized  and  hardened  where  the 
UV  strikes  it,  and  cannot  be  removed  by  the  developer.  In  this  report  period 
work  was  done  on  the  use  of  an  electron  beam  to  expose  and  harden  the  photoresist. 

The  conventional  process  with  ultraviolet  light  has  the  following  charac¬ 
teristics,  which  it  was  hoped  to  improve  with  the  electron  beam: 

(l)  The  master  pattern  must  be  pulled  very  tightly  against  the  photo-resist 
in  order  to  obtain  good  resolution  and  sharp  edges.  This  is  usually  done 
by  suction;  that  is,  the  master  pattern  and  the  coated  surface  are 
squeezed  together  by  air  pressure  when  the  air  between  them  is  pumped 
out. 

_ (-2.)-.- -A.  long  exposure  is  required  pelyrae-rize  the  -pjtotq --re s-i st ,  even-wi-th-a— 

powerful  source  of  ultraviolet  such  as  a  mercury  arc  lamp. 

The  study  showed  that  the  electron  beam  has  several  advantages  over  ultra 
"vixilet"  lighT.”'" "'The' eXectroh  guh“‘coraes“'veiy  close  to  being  a  point  source  of 
electrons,  while  a  mercury-arc  floodlamp  is  a  very  broad  source  of  ultraviolet. 

The  pattern  therefore  does  not  have  to  be  pulled  tight  against  the  photo-resist 
when  an  electron  beam  is  used,  but  can  be  simply  laid  on  top  of  the  coated  sur¬ 
face.  Electrons  travel  in  straight  lines  from  the  gun,  so  that  a  sharp  pattern 
is  obtained  even  if  the  master  is  not  close  to  the  coated  surface.  This  elimi¬ 
nates  one  of  the  problems  in  the  ultraviolet  method  and  at  the  same  time  assures 
that  good  resolution  will  be  obtained  every  time. 

The  ejqjosure  time  to  an  electron  beam  required  to  polymerize  the  photo¬ 
resist  was  found  to  be  much  shorter  than  the  e:q)osure  to  ultraviolet.  The  reasons 
for  this  are  probably  that  ultraviolet  light  sources  are  not  very  efficient  in 
producing  ultraviolet,  and  that  the  electron  beam  is  more  effective  than  ultra¬ 
violet  light  in  polymerizing  the  photo-resist.  The  result  is  that  the  process 
can  be  done  faster  with  electron  beam  exposure  than  with  ultraviolet. 


Another  point,  which  was  anticipated,  hecame  apparent  from  the  study. 

The  photographs  in  Fig.  12  show  the  edges  of  an  exposed  pattern  in  the 

photoresist,  in  which  the  exposure  was  made  by  ultraviolet  in  one  case  (a  and  C) 

and  by  an  electron  beam  in  the  other  case  (B  and  D) .  The  electron  beam 

2 

exposure  was  for  one  second  at  5  KV  and  .5  microampere  per  cm  .  The  edge 
is  poorly  defined  when  exposed  with  ultraviolet.  This  appears  to  be  due  to 
the  scattering  or  diffusion  of  ultraviolet  light  by  the  photoresist,  which 
causes  the  light  to  spread  out  after  it  passes  through  the  mask  and  undercut 
the  desired  pattern.  The  edges  thus  become  tapered  and  a  loss  of  definition 
is  observed.  It  appears  that  the  electrons  travel  in  straight  lines  even 
through  the  photoresist,  so  the  edge  remains  sharp  when  electron-beam  exposure 
is  used.  The  result  of  this  is  that  much  better  resolution  is  obtained  with 
electron  lithography  than  with  ultraviolet  lithography, 

Tn  ard'er  tro  fo±iow  up  trhl's:  finding:;  ma'sks'  were'  'ord'ered  with"  '1  - 

micron  to  5  micron  holes.  The  high  resolution  obtainable  with  the  electron 
beam  should  make  it  possible  to  produce  much  smaller  patterns  in  the  photo¬ 
resist  than  can  presently  be  made.  These  new  masks  will  be  used  to  demon¬ 
strate  the  feasibility  of  producing  patterns  in  the  micron  range  with 
electron  lithography. 


M4  ,l-ABORATOItnS 
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and  electron  ’beam  (B^D). 


IV.  PLASMA  TORCH  FOR  SEMICONDUCTOR  APPLICATIONS 


As  commercially  available  plasma  torches  are  operating  at  rather  high 
powers  (IG  K  watts)  and  large  diameters,  it  was  decided  to  construct  a  scaled 
down  plasma  torch  for  low  energy  metal  ion  generation  feasible  for  semiconductor 
applications .  This  torch  has  already  been  fabricated,  a  technical  drawing  is 
shown  in  Fig.  I3  and  a  photograph  of  the  device  in  Fig.  14-  Upon  completion  of 
power,  gas,  and  water  feeds,  experiments  will  be  carried  out  to  determine  first, 
the  feasibility  of  scaled  down  operation  of  plasma  torch  in  the  100  to  5OO  watt 
range,  and  secondly,  the  rate  of  metal  deposition  of  suitable  metals  and  alloys 
for  diode  application  at  this  level  of  operation. 

The  sketch  and  photograph  (Fig.  I3  and  l4)  show  the  physical  configuration 
of  the  miniaturized  plasma  torch. 

This  version  ol'  the  torch  was  simplified  to  its-  essentials  with  only  one 
mechanical  variable  for  striking  and  adjusting  the  arc  by  meeuis  of  the  micrometer 
head  which  controls  the  cathode  to  anode  spacing. 


Principally,  the  operation  of  the  plasma  gun  depends  on  the  axial  flow 
of  gas  through  the  dc  arc  region  and  emerging  as  a  jet  of  high  temperature  plasma. 

The  gas  enters  the  arc  chamber  at  slightly  more  than  atmospheric  pressure 
and  escapes  through  the  torch  nozzle  opening.  The  gas  or  gas  mixtures  should  be 
inert  and  of  low  atomic  mass,  and  preferably  non-reacting  with  the  metals  used 
in  the  arc  region. 

The  cooling  of  the  torch  is  provld^  for  hy  ordinary  tap  water  clreula- 

tion. 


POWDER  METAL 


PIASMA  FLAME  TORCH 


Fig.  14  Photograph  of  scaled  down  plasma  torch  with  feed  th roughs  for  gas, 
water  and  metal  vapor. 


V.  PLANS  FOR  THE  NEXT  PERIOD 

In  the  following  quarter,  main  emphasis  will  he  placed  on  the  operation 
of  the  scaled  down  plasma  torch.  The  feasibility  of  the  cleaning  and  alloying 
capabilities  of  the  torch  for  semiconductor  device  fabrication  will  be  investi¬ 
gated.  In  addition,  work  on  electron  beam  lithography  of  semiconductors  aimed 
at  control  over  dimensions  in  the  micron  range  will  continue. 


VI.  APPENDIX:  SUMMARY  OF  ELECTRON  BEAM  WORK  ON  SILICON 


VI. 1  Experimental  Results 

a.  Ohmic  Contacts 

Ohmic  contacts  to  silicon  were  made  by  bombarding  the  silicon  with 
electrons  and  simultaneously  evaporating  a  metal  film  onto  the  surface.  Ohmio- 
contacts  were  successfully  made  with  aluminum,  tin,  gold,  and  silver.  Both 
n-type  and  p-type  silicon  were  used. 

Adherent  films  of  metal  were  evaporated  onto  silicon  to  yield  ohmic 
contacts  provided  that  the  surface  was  bombarded  with  electrons  during  deposi¬ 
tion.  Adherent,  ohmic  contacts  could  not  be  formed  without  electron  beam 
cleaning  of  the  silicon  surface  during  evaporation  of  the  metal. 

b.  Welded  Wires 

Wires  were  welded  directly  to  a  silicon  wafer  with  the  electron  beam  to 
demonstrate  the  feasibility  of  a  new  method  of  attaching  leads  to  semiconductors 
as  a  potential  alternative  to  thermocompression  bonding.  Wires  of  gold,  silver, 
aluminum,  and  nickel  were  successfully  welded  to  silicon  with  the  beam. 


c.  Machining  of  Silicon 


"Wifh  “a  high-power  electrbhlbeam^ (voTtage  15  KV,  current  200  "^a, ' diameter 
^0.02")  it  was  possible  to  machine  grooves  into  the  silicon  surface  of  a 


0.025"  thick  sample  to  a  depth  of  about  O.OOO5”.  At  still  higher  powers  (30  KV, 
200  pa,  }^0.02"  diameter)  holes  could  be  drilled  in  a  O.OO7"  thick  wafer. 


d..  Alloyed  Diodes 

Aluminum  films  were  evaporated  onto  n-type  silicon  and  were  then  alloyed 
into  the  surface  by  an  electron  beam.  Film  thickness  was  investigated  in  the 
range  from  0. 1  to  1  p.  Good  rectifying  junctions  were  made  on  1©  ohm.  cm 
silicon;  these  had  reverse  leakages  of  less  than  5  microamperes  at  100  volts . 
These  low  leakages  proved  that  really  a  p-n  Junction  was  formed  because  a 
mere  surface  barrier  usually  shows  high  reverse  leakage  currents  (see  e.g. 
Transistor  Technology,  Vol.  3,  D.  van  Nostrand  Co.,  Princeton,  N.J.,  1958, 
pg.  220).  Anglelapping  and  staining  techniques  also  proved  the  formation  of 
p  recrystalized  region.  Capacitance  vs.  voltage  measurements  on  these  diodes 
showed  them  to  be  step  Junctions,  which  proves  that  they  were  true  alloyed 
junctions  and  not  the  result  of  surface  impurity  diffusion. 
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VI. 2  Conclusions  Prom  the  Study 

The  study  proved  the  feasihility  of  the  electron  team  technique  for 

clesining  a  semiconductor  surface,  such  as  silicon,  which  is  one  of  the  most 

essential  conditions  for  proving  a  suitable  metal  to  silicon  interface  for 

the  fabrication  of  ohmic  contacts  or  alloyed  p-n  junctions.  This  new  clean- 

2) 

ing  technique  was  first  proposed  by  Jacobs,  et  al.  '  During  the  investigation 
it  became  apparent  that  the  most  satisfying  results  are  obtained  by  simultan¬ 
eously  bombarding  the  silicon  surface  with  electrons  and  evaporating  the  metal 
layer  onto  it.  This  is  explained  by  the  fact  that  a  completely  clean  surface 

is  maintained  only  for  a  very  short  time  even  in  high  vacuum.  The  first 

-6 

atomic  layer  of  contamination  for  instance,  in  a  vacuum  of  10  mm  Hg  is  form¬ 
ed  in  a  couple  of  seconds . 

The  use  of  the  electron  beam  as  a  heating  source  to  form  alloyed  p-n 

junctions,  as  it  was  proposed  first  by  Shockley  ,  was  also  found  feasible 

during  this  study.  But  on  the  other  hand,  \d.th  the  rather  rough  electron 

_gun  maeh-i-ne  ava-ilabie ,  for  this,  pro j:ee-t,.  i-t  was  not.  p.ossirble  -to  demonstrate 

impurity  diffusion  induced  by  an  electron  beam,  also  suggested  first  by  Shock- 

3) 

ley  ,  in  order  to  form  p-n  junctions.  For  this  purpose  long  heating  times 
(in  order  of  hours)  are  needed,  during  which  the  electron  beam  operation  has 
to  be  stable,  "so~  that’  a  sophTsticated  'eTectroh  b'eam'^control  becbmes" "necessary 
The  sputtering  effects  of  the  beam  which  were  also  found  during  these 
experiments  may  raise  some  difficulties  in  achieving  diffusion  because  of 
a  too  fast  removal  of  the  surface  impurity  layer.  But  with  better  beam  con¬ 
trol  one  should  be  able  to  minimize  these  effects.  The  main  problems  that 
arose  during  the  study  of  forming  alloyed  p-n  junctions  with  Al  and  n-type  ^ 
Si  were:  (l)  Achieving  planarity  of  the  junctions  which  was  found  to  be 
necessary  in  obtaining  low  reverse  leakages  was  combined  with  difficulties. 

The  non-planarity  of  junctions  that  occurred  especially  with  lower  resis¬ 
tivity,  1  ohm. cm  n-type  silicon  is  e^lained  by  an  insufficient  clean  sur¬ 
face  before  Al  evaporation  and/or  imperfectioi.  in  the  polished  silicon 


2.  H.  Jacobs,  J.  Leibowitz,  and  A.  Rarasa,  U.S.  Patent  No.  2,803,5^9;  "Forma¬ 
tion  of  Junctions  in  Semiconductors",  August  20,  1957* 

3.  W.  Shockley,  U.S.  Patent  No.  2,8l6,8tT,  "Method  of  Fabricating  Semiconductor 
Signal  Translating  Devices",  December  17,  1957. 
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surface  itself.  So  the  melted  A1  accumulated  at  different  spots  on  the  surface 
during  alloying  and  caused  a  non -planar  solution  of  Si.  Also  the  thickness 
of  the  A1  layer  may  have  an  influence  on  this  phenomenon.  The  fact  that  the 
electron  beam  technique  itself  was  not  responsible  for  the  non-Unifomnity  of 
the  achieved  junctions  is  proven  by  the  good  results  obtained  with  the  10  ohm. cm 
silicon.  But  the  indicated  difficulties  show  that  a  perfect  and  clean  surface 
is  much  more  important  for  the  electron  beam  alloying  than  it  is  for  the 
conventional  method.  The  reason  for  this  is  believed  to  be  represented  by  the 
comparatively  fast  heating  and  recrystallization  cycles  created  by  the  electron 
beam  so  that  non-equilibrium  conditions  prevail. 

(2)  A  control  over  small  dimensions  was  not  possible.  This  is  mainly  due  to 
the  badly  controllable  simple  electron  gun  machine  provided  for  the  investigation 
The  attempt  to  achieve  spot  alloying  by  bombarding  the  silicon  sample  through 
masks  proved  to  be  unsatisfactory  because  the  whole  temperature  pattern  on  the 
sample  apparently  was  influenced  by  the  heated  and  consequently  radiating  mask. 

A  better  control  of  the  sample  temperature  pattern  by  providing  a  defined 
•substrate  terapera-ture  fo-r  t-he  sample  al-se  did  net  sueeeed  i-n  the  es^ee-ted 
degree.  This  was  due  especially  to  bad  heat  contact  between  sample  and  sub¬ 
strate  that  apparently  changed  from  sample  to  sample,  and  also,  because  of  the 
low  power  output  of  the  electron  gun,  to  the  impossibility  of  operating  the 
substrate  at'Tdw  temperatures“wHfch  Is  necessai^TTor  obtaining  steep  tempera- 
ture  gradients  in  the  sample. 

(3)  Evaluation  of  the  A1  doping  levels  in  the  regrowth  layer  indicated  veiy 
low  values.  This  fact  could  be  explained  in  terms  of  non-equilibrium  regrowth 
caused  by  the  short  heating  up  and  cooling  down  times  as  created  by  the 
electron  beam  technique.  On  the  other  hand,  the  built-in  voltage  .measure¬ 
ment  method  used  for  evaluating  the  doping  level  yielded  low  results  also  for 
conventionally  alloyed  junctions.  An  analysis  of  the  experimental  method  of 
determining  built-in  voltages  revealed  no  sjeriP-Us  errors  adherent  to.  the. 
procedure  which  led  us  to  the  conclusion  that  the  theoretical  formulae  of  the 
capacitance-voltage  relationship  for  an  abrupt  pn  junction  are  not  adequate 
for  calculating  the  doping  level.  It  should  be  stated,  however,  that  the 
saturation  doping  level,  as  it  is  obtained  by  equilibrium  alloying  or  as  it  is 
represented  by  the  surface  concentration  in  the  diffusion  technique  with 
infinite  impurity  source,  cannot  be  surmounted  by  any  means.  This  is  con¬ 
cluded  from  theoretical  considerations  of  the  metallurgy  of  binary  systems 
governed  by  the  f)hase  diagram.  An  increase  in  the  doping  level  by  the  electron 
beam  technique,  as  it  was  expected  at  the  beginning  of  the  research  work, 
therefore,  is  not  possible. 
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